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variations in rice.
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1 | INTRODUCTION

Domestication, a complex process of selection, is a good model for
evolutionary studies (Izawa et al., 2009). Asian cultivated rice (Oryza
sativa L.), which originated from its ancestral progenitor Oryza rufipogon,
is dominated by indica (Xian) and japonica (Geng) subspecies and grown
globally, from tropical to temperate zones, and from lowland
ecosystems (paddy, deep water, or flood conditions) to upland rainfed
areas (Gutaker et al, 2020). During the domestication of Asian
cultivated rice, artificial selection or local adaptation have associated
closely with sequence variation and gene functional diversification
(Huang et al., 2012). For example, grain quality genes such as Waxy
(Zhang et al., 2019), gSW5/GW5 (QTL for seed width on chromosome 5;
Shomura et al., 2008) and Betaine aldehyde dehydrogenase2 (BAD2;
Bradbury et al, 2005) have been shown to be targets of artificial
selection. In addition, several adaptive QTL/genes, such as Heading date
1 (Hd1; Kim et al., 2018) and Heading date 4/Grain number, plant height
and heading date 7 (Hd4/Ghd7; Xue et al., 2008) for photoperiod
adaptation, basic leucine zipper 73 (bZIP73) for temperature acclimation
(Liu et al., 2018), Teosinte branched 2 (OsTB2) for upland environments
(Lyu et al., 2020), and Semi-dwarf 1 (SD1) for periodic flooding resistance
(Kuroha et al.,, 2018), have also been identified.

Beyond phenotypic and physiological changes, significant metabolic
variations have also been uncovered between indica and japonica
subspecies (Chen et al., 2014; Hu et al., 2014). For example, several
primary metabolites including amino acids and lipids (Hu et al., 2014)
and secondary metabolites including flavonoids, phenolamides and
arabidopyl alcohol derivatives (Chen et al, 2014) can be used as
biomarkers to distinguish indica from japonica varieties. Currently,
integrative approaches, including genomics, metabolomics, quantitative
genetics, metabolite-based genome-wide association analysis (NGWAS)
and metabolite-based quantitative traits locus (mQTL), have been used
extensively to dissect genetic and biochemical bases of metabolic
diversity in domesticated rice (Chen et al., 2014, 2016; Gong et al., 2013;
Matsuda et al., 2012). Emerging knowledge from these studies have
made it possible to improve grain chemical composition beyond our
traditional nutrition targets, such as oil and proteins (Chen et al., 2016;
Wen et al., 2016), facilitating design of de novo domestication strategies
for the biofortification of crop grains at the metabolite level (Fernie &
Yan, 2019). However, although achievements have been made in

identifying candidate genes and loci controlling several rice metabolic

have been unintentionally shaped during natural and artificial selection for adaptive
or import seed quality traits. Collectively, our findings provide valuable genetic

resources for rice improvement and evolutionary insights into seed glycerolipid

lyso-phosphatidylcholine, natural variation, Oryza sativa, saturated triacylglycerol, seed

traits (Chen et al., 2014, 2016; Gong et al., 2013; Peng et al., 2017; Zhan
et al., 2020), little have focused on how natural and artificial selection
affects metabolic profiles during rice domestication and diversification
(Chen et al., 2021).

Glycerolipids are structurally diverse metabolites, consisting of a
glycerol backbone with various combinations of fatty acids and head
groups (Horn & Benning, 2016). Glycerolipids are the largest family of
plant lipids with essential conserved functions in cell membrane
dynamics and cellular communication, and are indispensable nutrients
for humans and animals (Horn & Benning, 2016). Increasing evidence
has demonstrated roles for plant glycerolipids in photosynthesis, signal
transduction, vesicle trafficking, cytoskeletal rearrangement, as well as
several developmental processes (Colin & Jaillais, 2020; Welti &
Wang, 2004). In Arabidopsis thaliana, phosphatidylcholine (PC) binds to
the core flowering regulator Flowering Timing (FT) protein to regulate
flowering (Nakamura et al., 2014, 2019). In addition, FT is sequestered
in Arabidopsis cellular membrane via binding to phosphatidylglycerol
(PG), modulating the plants' response to temperature changes (Susila
et al.,, 2021). In maize, high PhosphatidylCholine 1 introgression from
teosinte underlies a large mQTL that modulates PC levels and induces
early flowering (Barnes et al, 2021). Results of those studies link
endogenous glycerolipids with flowering time regulation in plants,
highlighting the key roles of glycerolipids in plant domestication.
However, the function and genetic regulation of glycerolipid identity
and abundance in rice remains elusive, largely due to the complicated
nature of glycerolipid metabolism and complex interactions with other
pathways (Lavell & Benning, 2019; Li et al., 2019), which severely
hinders our understanding of how glycerolipids affect rice development,
grain quality and adaptation.

Advances in high-throughput lipidomics have enabled the analysis
of large number of lipids simultaneously (Hummel et al., 2011); here we
have integrated lipidomics and quantitative genetics to generate a new
understanding of the genetic base of glycerolipid metabolism in
different rice subspecies. We have profiled more than 100 seed
glycerolipid molecules in 587 Asian cultivated rice accessions and 103
(CSSLs)
spectrometry-based lipidomics. We have then investigated into the

chromosome segment substitution lines using mass
genetic and biochemical bases of natural variations in glycerolipids
between indica and japonica subspecies using integrated mGWAS,
mQTL, genetic and biochemical approaches, and revealed that OsLP1

and Waxy contribute to variation in saturated triacylglycerol (TAG) and
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lyso-PC contents, respectively. Moreover, we have explored the effect
of domestication on this divergence using combined population genetic
analysis and demonstrated that natural variation of rice seed
glycerolipids has been unwittingly selected by natural selection for
adaptive traits (such as flooding resistance and heading date) and by
artificial selection for grain quality traits (such as mouthfeel). Our
findings provide not only a snapshot of the genetic architecture of rice
seed glycerolipids, producing new breeding resources for utilizing
lipidomics in genetic improvement, but also an evolutionary insight into

domestication-associated changes in seed glycerolipid profiles.

2 | MATERIAL AND METHODS

2.1 | Plant materials and growth conditions

A panel of 587 rice accessions (Supporting Information: Data Set 1) was
obtained from the 3 K Rice Genome Project (Wang et al., 2018). Thirty-
day-old seedlings of each accession were transplanted to the experi-
mental farm in Sanya (31.03°N, 121.45°E) in the winter season of
2014-2015 under natural conditions. The experimental design was a
randomized complete block design (including two rows of each
accession and eight plants in each row). Mature rice seeds from three
different plants for each line were collected, pooled, frozen in liquid
nitrogen and stored at -80°C until analysis as described previously (Hu
et al., 2014). One hundred and three CSSL lines were generated by
crossing Nipponbare as recipient and 9311 as donor parent, followed by
a series of backcrosses to Nipponbare with marker-assisted selection
and subsequent self-crosses (Xu et al., 2017). CSSL lines were planted
under natural conditions in the paddy field in Yangzhou (18.26°N,
108.56°E) during the summer season of 2012 and in Sanya during the
winter season of 2012-2013. The experimental design of CSSL lines
was the same as those for GWAS germplasm, whereas three replicates
of each line were collected (each replicate was composed of pooled
seeds from three different plants).

2.2 | Lipid extraction

Lipids were extracted from seeds (whole grain with husk) as
previously described (Hummel et al., 2011). Briefly, seeds were
ground into fine powder under liquid nitrogen and 50 mg of
frozen powder was homogenized at maximum speed using a ball
mill (MM 301, Retsch) for two 1min periods. Lipids were
extracted with 1ml of precooled (-20°C) solvent mixture
consisting of methanol/methyl-tert-butyl-ether (v/v, 1:3). 0.1 ug
ml~! of PE 34:0 and 0.1 ug ml™! of PC 34:0 was added as internal
standards (Sigma-Aldrich). Samples were incubated at 4°C for
10 min, followed by a sonication at room temperature for 10 min.
After adding 500 ul of 25% (v/v) aqueous methanol, samples were
vortexed and centrifuged for 5 min at 4°C (14,000g). Next, 500 ul
of the upper lipophilic phase was collected, dried under vacuum,
and stored at -80°C until use.
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2.3 | Glycerolipid profiling

Glycerolipid profiling was carried out as previously described using
ultra performance liquid chromatography-Fourier transform-mass
spectrometry (UPLC-FT-MS, Waters; Hummel et al.,, 2011). Briefly,
dried lipophilic extracts were resuspended in 500ul of Buffer B
(see below) and 1ul was used for injection. The mobile phases
consisted of Buffer A (1% 1 M ammonium acetate and 0.1% acetic
acid in water) and Buffer B (acetonitrile/isopropanol, v/v, 7:3,
supplemented with 1 M ammonium acetate and 0.1% acetic acid)
and the mobile phase flow rate was 400 plmin™t. The gradient
separation was 1 min 45% A, followed by 3 min linear gradient from
45% A to 35% A, 8 min from 25% to 11% A, and 3 min from 11% to
1% A. After being washed for 3 min with 1% A, the column was re-
equilibrated with 45% A for 4 min.

All the spectra were recorded with an Exactive mass spectrometer
(Thermo Fisher) equipped with an electrospray ionization interface in
both positive and negative modes altering between full-scan and all-ion
fragmentation scan mode (mass range 100-1500m/z, capillary voltage
3.0kV, sheath gas flow value 60, auxiliary gas flow value 35), from
minute 1 to minute 20 of the UPLC gradients. The resolution was
10,000 (10 scans s™%) and the Orbitrap loading time was up to 100 ms
with a target value of 106 ions. The capillary temperature was 150°C
and the temperature of the drying gas in the heated electrospray source
was 350°C. The skimmer and the tube lens voltage were 25 and 130V,

respectively.

2.4 | Peak extraction, alighment, and annotation

REFINER MS 10.0 (GeneData, http://www.genedata.com) or Xcalibur
(Version 3.1, Thermo Fisher) were used to automatically and
manually, respectively, process chromatograms, peak detection, and
integration, as described (Lapidot-Cohen et al, 2020). In the
automated approach, molecular masses, retention times, and associ-
ated peak intensities were extracted from the raw files. Data
processing included the separation of the full scan spectra from the
all-ion fragmentation spectra, and the removal of chemical noise.
Excel or Access (Microsoft) were used for further peak filtering on
the manually extracted spectra or the aligned data matrices. Obtained
features (m/z at a certain retention time) were queried against an
in-house lipid database including about 200 lipid species for further
annotation. MS/MS fragmentation using collision-induced dissocia-
tion mass spectra (25eV collision energy) was used for further
validation of representatives of different lipid classes (Supporting

Information: Data Set 2).

2.5 | Statistical analysis

The values of the coefficient of variation (CV) were calculated
independently for each metabolite (using log,-transformed metabo-
lite trait data) using a/u, where o and p are the SD and mean of each
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metabolite in GWAS population, respectively. The metabolite trait
data (log,-transformed) of CSSL lines in two seasons was used to
estimate the broad-sense heritability (H?) of lipid metabolites. H? was
calculated using the following equation: H? = var(G)/(var[G] + var[E])
using one-way analysis of variance (ANOVA), where var[G] and var|[E]
are the variance derived from genetic and environmental effects,
respectively. The variance components were estimated from the
variance component analysis using R package. In one-way ANOVA,
accessions served as the random effect and three biological

replications served as the replication effect (Chen et al., 2014).

2.6 | Population structure analysis

Single-nucleotide polymorphism (SNP) genotype data were down-
loaded from the OryzaSNP database (http://snp-seek.irri.org/_
download.zul) and the 3K RG 404k CoreSNP Data set was used for
population structure analysis. The Bayesian clustering software
fastStructure (Raj et al., 2014) was used to calculate varying levels
of K (K = 1-25) and the command chooseK.py was used to identify the
model complexity that maximized the marginal likelihood (K =7). All
587 accessions used in this study had a maximum subpopulation
component value > 0.7 (Supporting Information: Data Set 1). Principal
component analysis (PCA) of genetic variance was conducted using
GCTA software (Yang et al., 2011) and calculated using SNPs present
in all accessions. Genetic relationships were estimated using
neighbour-joining trees constructed with TASSEL 5.0 (Bradbury
et al., 2007) software. The linkage disequilibrium (LD) between SNPs
was evaluated using the squared Pearson's correlation coefficient (R?)
and the LD heatmaps surrounding peaks in the GWAS were
constructed using the “LDBlockshow” R package (Dong et al., 2021).

2.7 | GWAS study

Two SNP genotype data sets, including the 404k CoreSNP Data set
and the 6.5mio filtSNP Data set (v0.4) were downloaded from the
OryzaSNP database (http://snp-seek.irri.org/_download.zul) and
used for GWAS. The 3K RG 6.5mio filtSNP Data set (v0.4) was
used as association markers. After filtering out high missing rate sites
(220%) and low minor allele frequency (MAF) sites (<0.05), a total of
4,102,565 (whole panel), 2,141,273 (japonica panel), and 2,982,786
(indica panel) SNPs were selected for analysis. Linear mixed model
(LMM) was performed using Fast-LMM software (Lippert et al., 2011).
Genetic relatedness was modelled as a random effect in LMM using
the kinship matrix calculated from the 404k CoreSNP Data set. The
genome-wide significance thresholds of the GWAS were determined
using a modified Bonferroni correction as described (Li et al., 2012),
in which the total number of SNPs for threshold calculation was
replaced by the effective number of independent SNPs in this GWAS.
Thresholds for controlling the Type | error rate were 1.24 x 107¢,
3.06 x 107 and 1.42 x 107° for the whole, japonica and indica panels,
respectively. To obtain independent association signals, significant

SNPs were binned into peaks using a sliding window based on LD
decay using the PLINK (Purcell et al., 2007) command --clump-r2 0.6
--clump-kb 300 --clump-allow-overlap. The distribution of indepen-
dent significant SNP-glycerolipid associations across the genome was
investigated by dividing the whole genome into 1 Mb partitions and
the number of significant associations in each segment was counted.
Plausible candidate genes for regulating variable glycerolipid content
were selected based on: location < 150kb to the most significant
peak SNPs (Xie et al., 2015), annotated with, or biologically related to,

traits and highly expressed in seeds.

2.8 | QTL mapping

ICIMapping 4.0 software was used to detect QTL by constructing a
Bin-map in which the genotype of 9311 and Nipponbare was
assigned as 2 and 0, respectively (Meng et al., 2015). The QTL were
determined by a likelihood ratio test based on single-point analysis.
QTL with logarithm of the odds ratio (LODs)z 3.0 were considered as
real. The allelic effect was calculated as the mean effect of replacing
Nipponbare alleles with 9311 alleles at the QTL.

2.9 | Transgenic analysis

waxy mutants in two different genetic backgrounds, Wuyunjing 7
(9522) and Xiushui134 (XS134), were developed in a previous study
(Meng-etak2645). For OsLP1 overexpression, the coding sequences
of OsLP1 were amplified from leaf cDNA of Nipponbare and 9311,
and PCR products were cloned into pU1300 (Wuhan Towin
Biotechnology Co., Ltd), which contains the maize ubiquitin promoter
upstream of the cloning site. Plasmids were introduced into
Nipponbare callus using Agrobacterium tumefaciens (EHA105)-
mediated transformation (Toki et al., 2006). Primary transformants
(To generation) and their progenies were genotyped by transgene-
specific primers to confirm positive transgenic plants. T, plants were
used for seed glycerolipid profiling. Sequences of relevant primers are

listed in Supporting Information: Table 1.

2.10 | ¢gRT-PCR reaction

Total RNA was isolated using TRIzol reagent (Thermos Fisher
Scientific). Quality and concentration of total RNA were analysed
using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scien-
tific). qRT-PCR was carried out using gene-specific primers and SYBR
Premix ExTaq reagent (Takara) with an ABI 7500 real-time PCR
system (Applied Biosystems) according to the manufacturer's
instructions. The real-time PCR system (Bio-Rad) was used with the
following programme: 95°C for 2min, 40 cycles of two-step
amplification (95°C for 5s and 55°C for 35s). gRT-PCR was
performed with three biological replicates, each with three technical

repeats. OsACTIN was used as the internal control gene and
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expression levels were calculated using the comparative cycle
threshold (AACt) method to quantify the relative expression level
of the target genes. Sequences of relevant primers are listed in

Supporting Information: Table 2.

2.11 | GUS staining

A 2.26 kb DNA fragment upstream of the transcriptional start codon
of OsLP1 was amplified from genomic DNA and introduced into
CAMBIA1301::GUS by In-Fusion (Clontech). The pOsLP1::GUS
construct was transformed into Nipponbare callus using A. tumefa-
ciens. GUS activity was determined by staining as described
previously (Jefferson et al., 1987). Sequences of relevant primers

are listed in Supporting Information: Table 1.

2.12 | Subcellular localization

Vectors containing the 35S::0OsLP1-GFP, the endoplasmic reticu-
lum (ER) marker 35S::HDEL-mCherry and plasma membrane
marker 35S::CD3-1007-mCherry constructs were transformed
into Agrobacterium strain GV3101 and infiltrated into leaves of
4-week-old Nicotiana benthamiana plants (Sparkes et al., 2006).
Fluorescence signals were observed under confocal microscope
(Leica TCS SP5). Green fluorescent protein (GFP) and red
fluorescence were imaged at 488 nm (excitation)/520-580 nm
(emission) and 514;nm (excitation)/640-750 nm (emission),
respectively. Sequences of relevant primers are listed in Support-

ing Information: Table 1.

2.13 | In vitro PC:diacylglycerol (DAG)
cholinephosphotransferase (PDCT) enzyme activity

Coding sequences of OsLP1N® and OsLP173!! were codon-optimized for
recombinant expression in Saccharomyces cerevisiae and synthesized
(Shanghai Generay Biotech Co., Ltd). The coding sequences were
subcloned into the pYES expression vector and resulting constructs
were transformed into S. cerevisiae mutant strain YNL 130C (MATa
cptl:KanMX eptl; Dharmacon Inc., Horizon Discovery), which is
deficient in cholinephosphotransferase activity (Morash et al., 1994)
using the lithium acetate-mediated method (Gietz & Schiestl, 2007). The
empty pYES vector was used as a negative control. Sequences of
relevant primers are listed in Supporting Information: Table 1.

Yeast cells were grown in the induction medium containing
0.67% (w/v) yeast nitrogen base, 0.2% (w/v) SC-Ura, 2% (w/v)
galactose and 1% (w/v) raffinose until mid-log phase, and were
harvested and used to prepare microsomal fractions as described
previously (Xu et al., 2020). Protein concentration was measured
using the Bradford assay (Bio-Rad) with bovine serum albumin as
standard (Bradford, 1976), and normalized to 50 ug/75 ul as crude
enzymes for activity assay.

B9-wiLey—>

In vitro PDCT assays were performed according to the procedures
described previously with slight modification (Lu et al, 2009;
Wickramarathna et al., 2626). In brief, 2.5 nmol of 14C-labelled PC-
C16:0/C18:1 (sn-1-palmitoyl-sn-2-[*C] oleoyl-PC), 100 nmol of unla-
belled PC-C16:0/C18:1 (sn-1-palmitoyl-sn-2-oleoyl-PC), and 100 nmol
of DAG-18:1/18:1 (sn-1,2-diolein) were mixed and immediately dried
under a stream of N,. Dried lipids were re-suspended in 25 pl of 4x
reaction buffer containing 200 mM 3-(N-morpholino) profane-sulfonic
acid/NaOH (pH 7.5), 80mM MgCl,, and 1.8% Triton X-100 in a
sonication bath. The reaction was initiated with the addition of 75 ul of
microsomal fractions containing 50 pg crude enzymes and incubated at
30°C for 10 min with shaking, followed by quenching with 100 pl of
chloroform/methanol (2:1, v/v). After centrifugation at 10,0009 for
2 min, the bottom layer (lipid fraction) of the quenched reaction mixture
was separated by thin-layer chromatography (TLC; 0.25 mm silica gel,
DC-Fertigplatten, Macherey-Nagel) with hexane/diethyl ether/acetic
acid (70:30:1.5, v/v). The TLC plate was exposed to a storage phosphor
screen overnight and the resolved lipids were visualized by phosphor-
imaging (Typhoon Trio Variable Mode Imager, GE Healthcare). The
corresponding DAG spots were scraped from the plates and quantified
for radioactivity using an LS 6500 multipurpose scintillation counter
(Beckman-Coulter).

For the PC specificity assay, 2.5 nmol of *C-labelled PC-16:0/
16:0 (L-a-dipalmitoyl [2-palmitoyl-1-14C]), PC-18:1/18:1 (L-a-dioleoyl
[2-oleoyl-1-1C]) or PC-16:1/18:1 (L-a-1-palmitoyl-2-oleoyl [2-
oIeoyI—l—MC]), 100 nmol of corresponding unlabelled PC, and
100 nmol of DAG-18: 1/18:1 (sn-1,2-diolein) were used in the assay.
For the DAG specificity assay, 100 nmol of DAG-18:1/18:1 (sn-1,2-
diolein), DAG-16:0/16:0 (sn-1,2-dipalmitin) or DAG-18:2/18:2 (sn-
1,2-dilinolein), 2.5 nmol of **C-labelled PC-18:1/18:1 (L-a-dioleoyl [2-
oleoyl-1-14C]), or PC-16:1/18:1 (-a-1-palmitoyl-2-oleoyl [2-oleoyl-
1-14C]), and 100 nmol of corresponding unlabelled PC were used in
the assay. All **C-labelled PCs or DAGs were purchased from
American Radiolabeled Chemicals.

2.14 | Haplotype network analysis

Genotype data were downloaded from the Rice SNP-Seek
Database (Alexandrov et al., 2015) (http://snp-seek.irri.org/) and
ECOGEMS database (Yao et al, 2019) (http://150.109.59.
144:3838/ECOGEMS/). Available polymorphic sites with MAF >
0.05 in the promoter region and coding region of OsLP1 were used
to construct the haplotype network of OsLP1. An online haplotype
viewer (http://www.cibiv.at/%7Egreg/haploviewer) was used to

visualize the haplotype network.

2.15 | Comparative GWAS analysis

Flooding-related phenotype data (total internode length 7 days after
submergence at 10 leaf stage) and genotype data were downloaded
from a previous study (Kuroha et al., 2018). To allow comparison
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between the flooding-related and glycerolipid traits, we used Fast-
LMM software (Lippert et al., 2011) on the flooding GWAS data using
our statistical GWAS model.

2.16 | Heading date measurement

OsLP1 overexpression plants (T, generation), Nipponbare and
CSSL49 plants were grown in the paddy field of Shanghai Jiao Tong
University (31.03°N, 121.45°E) during the summer season of 2020.
Heading date was recorded as the number of days from sowing to
emergence of the first panicle.

3 | RESULTS

3.1 | Glycerolipid profiling in rice seeds

Two populations were used for glycerolipid profiling. The first
contained 587 Asian cultivated rice accessions from the 3K Rice
Genomes Project (http://snp-seek.irri.org; Alexandrov et al., 2015),
including seven subspecies: Aus, indical, indicall, indicalll, temperate
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japonica, intermediate japonica, and tropical japonica (Figure 1a and
Supporting Information: Figure 1A,B and Data Set 1). The second
population comprised 103 CSSLs developed from Nipponbare
(japonica) as the recurrent parent and 9311 (indica) as the donor
parent (Xu et al., 2017). Glycerolipid profiling using ultra performance
UPLC-FT-MS (Hummel et al., 2011) identified 139 seed glycerolipids
across the 587 accessions in one growing season (Supporting
Information: Data Set 3), and 107 and 121 seed glycerolipids in the
CSSL population grown over two seasons (Supporting Information:
Data Sets 4 and 5). These glycerolipids included 14 categories:
sulfoquinovosyl DAG, monogalactosyldiacylglycerol (MGDG), diga-
lactosyldiacylglycerol (DGDG), lyso-MGDG, lyso-DGDG, DAG, TAG,
PC, phosphatidylethanolamine (PE), lyso-PC, lyso-PE, phosphatidyli-
nositol, phosphatidylserine and PG (Supporting Information: Data
Set 2). All glycerolipids displayed substantial variation in their relative
abundances (Supporting Information: Figure 2A-C and Data Set 3-5).
Across the 587 accessions, a high degree of correlation was observed
among glycerolipids within the same and between different catego-
ries (Supporting Information: Figure 2D). CVs of seed glycerolipids in
587 accessions ranged from 14.0% to 84.1% (Figure 1b), much lower
than reported CVs of flavonoids that ranged from 71% to 1165%, but
comparable to those of amino acids ranging from 58% to 106%

DAG Lyso-MGDG [ MGDG [ PG HS DG
DGDG Lyso-PC PC Pl TA
Lyso-DGDG [J] Lyso-PE PE PS

TAG 56:0

TAG 48:0

TAG 50:5(2)
TAG 58:0

TAG 50:0
Lyso-PC 18:1
MGDG 34:2(1)
TAG 52:0
MGDG 32:0
TAG 60:5
Lyso-PC 16:3
PC 36:1(1)
PC 38:4(1)
DGDG 32:0
TAG 52:5
TAG 54:0
TAG 60:1

TAG 54:7
TAG 52:6
TAG 48:3(2)

10
Mean of decreased accuracy

5 15

FIGURE 1 Glycerolipid diversity in Asian cultivated rice. (a) Principal component analysis (PCA) of the genetic variance in 587 rice
accessions. [b) Distribution of the genetic coefficients of variation (CVs) of 139 detected glycerolipids in 587 rice accessions. (c) PCA analysis of
the detected 139 glycerolipids in 587 rice accessions. (d) The top 20 glycerolipids distinguishing indica from japonica accessions identified by
random-forest analysis (n = 564, 301 indica and 262 japonica). [Color figure can be viewed at wileyonlinelibrary.com]
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(Chen et al., 2016). Galactolipids such as MGDG and DGDG,
generally had higher CVs (35%-84%, average 59%) than phospho-
lipids, such as PC and lyso-PC (15%-62%, average 35%) and TAGs
(14%-66%, average 30%; Figure 1b), supporting a stricter regulation
of phospholipid (Colin & Jaillais, 2020) and TAG homoeostasis (Xu &
Shanklin, 2016) in rice.

PCA using all detected glycerolipids demonstrated that the first
two components can separate japonica from indica cultivars with
some overlap (Figure 1c), suggesting a role for seed glycerolipids in
indica-japonica differentiation. The top 20 glycerolipids revealed by
random-forest analysis (Hu et al., 2014) could discriminate japonica
from indica varieties with >85% accuracy (Figure 1d and Supporting
Information: Figure 3A). Among them, a series of saturated TAGs
(from TAG 48:0 to TAG 58:0) were significantly higher and two lyso-
PCs (lyso-PC 18:1 and lyso-PC 16:3) were significantly lower in indica
seeds (Supporting Information: Figure 3B).

3.2 | Genetic basis of glycerolipid diversity
in rice seeds

One-way ANOVA using data from CSSL populations grown over two
seasons revealed that most glycerolipids displayed a high broad-
sense heritability (H? >0.4; Figure 2A), showing that rice seed
glycerolipids are mainly controlled by genetic determinants as
proposed (Chen et al., 2016). To dissect the genetic bases underlying
natural variation of glycerolipid metabolism in rice seeds, mGWAS
was performed in the panel of 587 Asian cultivated rice accessions,
which detected 1418 SNP-glycerolipid associations in the whole
panel, 1098 associations in indica lines, and 1684 associations in
japonica lines (Figure 2b and Supporting Information: Data Sets 6-8),
indicating a high and heterogeneous level of genetic control of the
seed glycerolipidome. Among these SNP-glycerolipid associations,
likely candidate genes responsible for variable glycerolipids were
searched based on: (1) location < 150 kb to the most significant peak
SNPs; (2) annotation with or biologically related to associated lipid
traits; and (3) relatively high expression in seed. In total, 23 putative
candidate genes were assigned to corresponding glycerolipid mQTL
from the whole panel (Supporting Information: Table 2), including
four known lipid metabolic genes: PLDal (Suzuki, 2011), HMS1
(Chen, Zang, et al., 2020;-Chen;—Nerton,—et-al;—2020); WDA1 (Jung
et al., 2006) and HSD1 (Zhang et al., 2016). Considering that GWAS
has limited power to identify rare alleles and linkage-based mapping
is usually employed to complement GWAS in a single study (Lou
et al., 2015), we additionally performed parallel linkage-based
mapping using the 103 CSSL lines and revealed 55 mQTL in two
seasons with LOD values > 3.0, explaining 6.5%-55.3% of the total
phenotypic variation in 11 distinct lipid categories (Figure 2§ and
Supporting Information: Data Set 9). Notably, among these 55 mQTL,
only one mQTL (Loci 34) could be repeatedly detected in two seasons
(Supporting Information: Data Set 9), suggesting that genetic
architecture of rice seed lipidome are also strongly affected by

gene-environment interactions.

B9-wiLey—

3.3 | Natural variation of OsLP1 controls rice seed
saturated TAG levels

To further explore the genetic basis of glycerolipid diversity between
indica and japonica subspecies, we focused on two mQTL controlling
saturated TAGs and lyso-PCs, respectively. An mQTL controlling
levels of seed saturated TAGs (TAG 48:0-TAG 58:0) was repeatedly
identified from CSSL populations grown over two seasons. This
mQTL, designated OsLP1, was mapped to region 23.01-25.89 Mb on
chromosome 6, which explained 22%-41% of the phenotypic
variance (Supporting Information: Data Set 9). Glycerolipid profiling
in seeds of CSSL49, a CSSL harbouring the OsLP1%31! introgression
segment in Nipponbare (Supporting Information: Figure 4A), revealed
significantly higher levels of six saturated TAGs compared with
Nipponbare seeds (Supporting Information: Figure 4B), confirming
the function of OsLP1 in saturated TAG accumulation.

Accordingly, mGWAS signals for these saturated TAGs (TAG
48:0-TAG 58:0) colocalized in the OsLP1 region of chromosome 6;
the most significant mGWAS signal (for TAG 52:0) was ~10kb
upstream of the translation initiation site of LOC_0s06g40500/0sLP1
(Figure 3a and Supporting Information: Figure 5), encoding a PDCT.
Its Arabidopsis orthologue, AtROD1, catalysers exchange of the PC
head group between PC and DAG during seed TAG biosynthesis (Lu
et al., 2009). Gene-based association analysis revealed that the most
significant SNP associated with saturated TAGs in the OsLP1 genomic
region was a G/A missense mutation that caused a glutamate to
lysine substitution (E57K; Figure 3b). Because CSS49 (OsLP1731%)
seeds accumulated more saturated TAG than Nipponbare, we
sequenced the coding region of LOC_0s06g40500 in 9311 and
Nipponbare, and found the same G/A missense mutation (E57K) and
an additional adjacent G/A SNP (G60S) in the coding regions of both
lines (Figure 3c), suggesting a functional role for these two amino
acids in the divergence of saturated TAGs between japonica and
indica subspecies. Indeed, levels of saturated TAGs in seeds of
transgenic lines overexpressing OsLP1731! were significantly higher
than those in seeds of transgenic lines overexpressing OsLP1N" in
Nipponbare (Figure 3d and Supporting Information: Figure 6). This
result provided further evidence that OsLP1 regulates levels of
saturated TAGs in rice seeds and the difference in seed saturated
TAGs content between C SSL49 and Nipponbare was determined by
divergent OsLP1 function.

3.4 | Variation in OsLP1 alters in vitro enzyme
substrate preference

Although OsLP1 is ubiquitously expressed in both vegetative and
reproductive tissues with higher expression in leaves and mature
seeds (Figure 3e), its expression levels were not significantly different
between Nipponbare and CSSL49 lines (Figure 3e). Therefore, we
sought to biochemically characterize OsLP1 function, which was
shown to localize to the plasma membrane and ER (Supporting
Information: Figure 7A). Notably, both OsLP1N"® and OsLP17311
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share eight highly conserved amino acid residues present in AtROD1
(Supporting Information: Figure 7B), which are considered to be
essential for PDCT enzyme activity (Lu et al., 2009). To test whether
OsLP1N'® and OsLP173* display PDCT activity, sn-1-palmitoyl-sn-2-

E)-witey—L2

[14 C] oleoyl-PC (16:0/18:1-PC) and diolein were incubated with
yeast microsomal fractions for 30min and the production of
radiolabeled-DAG was detected using TLC. Both OsLP1N'® and
OsLP173'! but not negative controls were able to convert PC to
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DAG (Supporting Information: Figure 7C). We further conducted
substrate specificity assays to investigate whether OsLP1N'" and
OsLP1%31! affect seed-saturated TAGs via different preferences
towards substrates. When either *C-labelled PC-16:0/16:0 or PC-
18:1/18:1 was used as the constant PC substrate, neither OsLP1
isoforms exhibited a preference toward DAG-16:0/16:0, DAG-18:1/
18:1 or DAG-18:2/18:2 (Figure 3f). When “C-labelled DAG-18:1/
18:1 was used as the constant DAG substrate, OsLP1N'P and
OsLP1%%1! showed similar preferences for PC-16:0/18:1 or PC-
18:1/18:1, but OsLP173! displayed a threefold greater preference
than OsLP1N' for PC-16:0/16:0 (Figure 3f). These results suggest
that the two amino acid substitutions (E57G and K60S) in OsLP17311
increase its substrate preference for PC with saturated fatty acid side
chain such as PC-16:0/16:0, eventually leading to different accumu-
lation profiles of saturated TAGs in japonica and indica seeds.
Recognizing how minor sequence variations in OsLP1 can alter
enzyme substrate preference has deepened our understanding of
PDCT activity in plant and provided a novel strategy to modify seed

lipid saturation.

3.5 | Independent selection of OsLP1 is associated
with distinct ecological pressures

The diversification of metabolites within plant species has been
intensively investigated (Beleggia et al., 2016; Chen et al., 2014; Wen
et al., 2014); however, how diverse alleles arise to control metabolite
diversity and how different ecological pressures shape these alleles
remain largely unknown (Katz et al., 2021). To better understand
whether the ecological pressures structured OsLP1 alleles/haplo-
types in Asian cultivated rice, we next explored the evolutionary
transitional processes of OsLP1. Haplotype network analysis using
SNPs in the OsLP1 promoter and coding regions from 3024 Asian
cultivated rice accessions (Alexandrov et al, 2015) revealed a
dramatically unbalanced frequency distribution of OsLP1 haplotypes
across subspecies (Supporting Information: Figure 8A). Furthermore,
focused analysis on the two causal SNPs between OsLPINP and

OsLP17%1! (Figure 3c) revealed that japonica cultivars harbour two
haplotypes (90.2% GG and 9.8% AG), while indica cultivars harbour
three haplotypes (85.6% AA, 11.8% GG and 2.6% AG) with different
frequencies. The AG haplotype, uncommon in japonica and indica
cultivars, dominated in Aus (80.8%) and Aro (87.5%) cultivars
(Supporting Information: Figure 8B), indicating that OsLP1 contri-
butes to the differentiation of distinct rice subspecies.

To further explore the origin and evolution of OsLP1, we
performed additional haplotype network analysis using another
1612 cultivated (O. sativa) and 466 wild (O. rufipogon) rice accessions
from ECOGEMS databases (Yao et al., 2019). We revealed a radial
evolution of OsLP1 haplotypes from an O. rufipogon-dominant
ancestral haplotype (HAP3) to O. sativa-dominant haplotypes
HAP1 (OsLP17%1%), HAP2 (OsLP1N'P), HAP4 and HAPS5, which were
enriched in indica, temperate japonica, Aus, and tropical japonica
accessions, respectively (Figure 4a). These results suggest that OsLP1
haplotypes have been independently selected in each subspecies
after their evolutions from the common ancestral haplotype.

Interestingly, the distinct geographic distribution of O. rufipogon-
dominant OsLP1 HAP3, indica-dominant OsLP1 HAP1, and japonica-
dominant OsLP1 HAP2 revealed that enrichment of OsLP1 haplo-
types differs across subspecies with different latitudes (Figure 4b),
suggesting the direct association of OsLP1 differentiation with
regional adaptation of rice. Considering that glycerolipids play
important roles in the regulation of flowering (Nakamura
et al., 2014, 2019; Susila et al., 2021) and constitutive expression
pattern of OsLP1 (Figure 3e), we investigated whether allelic variation
between indica and japonica could affect heading date, an important
adaptive feature of flowering plants. The heading date of CSSL49
introgression lines (HAP1; 9311 allele) in the paddy field was
significantly delayed compared with Nipponbare lines (HAP2;
Nipponbare allele), while the heading date of transgenic lines

19311

overexpressing OsLP was delayed over 1 week compared with

that of transgenic lines overexpressing OsLP1NP

, in the same
Nipponbare genetic background, respectively (Figure 4c). Although
the precise mechanism underlying flowering time regulation remains

to be further investigated, our genetic evidence indicated that OsLP1

FIGURE 3 Differences in OsLP1 activity underlie natural variation in saturated triglyceride (TAG) content between indica and japonica seeds. (a)
Manhattan (left, significant threshold P = 1.24 x 107%) and corresponding quantile-quantile (Q-Q) plot (right) of TAG 52:0 content. (b) Local Manhattan
plot in the OsLP1 genomic region (upper) and linkage disequilibrium between polymorphic sites in OsLP1 (lower). The red diamond denotes the most
significant missense variant that causes a glutamate to lysine replacement. (c) Schematic diagram of OsLP17%1* and OsLP1N" alleles. Exons are depicted
by dark blue boxes, untranslated regions by light blue boxes, and introns by black lines. Missense mutations are indicated, along with the resulting
amino acid substitution in brackets. (d) Effect of overexpression (OE) of OsLP1N'" and OsLP17%1* in Nipponbare (NIP) on saturated TAG content. The
horizontal bar within the box represents the median. The top and bottom of the box represent the 75th and 25th percentiles, respectively. The upper
and lower whiskers extend to 1.5x the interquartile range, with outliers shown as black dots. *p < 0.05, **p < 0.01, ***p < 0.001 (Student's t test). (e)
Expression analysis of OsLP1 by qRT-PCR (upper, relative to OsACTIN) and GUS histochemistry (lower). EO, embryo at O days after flowering (DAF); E5,
embryo at 5 DAF; E15, embryo at 15 DAF; EM, embryo; F, flower; LS, leaf sheath; ML, mature leaf; MS, mature seed; P, palea; R, root; S, shoot; YL,
young leaf. (f) In vitro substrate specificity of Nipponbare and 9311 OsLP1 isoforms. DAG specificity test using radio-labelled PC-16:0/16:0 or
PC-18:1/18:1 as constant substrates (upper and middle, respectively); PC specificity test using radio-labelled DAG-18:1/18:1 as constant substrate
(lower). Left panels, PDCT relative activity of each isoform; right panels, PDCT activity ratio between 9311 and Nipponbare isoforms. ***p < 0.001
(Student's t test). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Evolutionary analysis of OsLP1 during rice domestication. (a) Haplotype network of OsLP1 in wild (446 O. rufipogon) and
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lII, O. rufipogon I, Il and Ill, respectively; Temj, temperate japonica; Troj, tropical japonica; VI, others. (b) Geographical distribution of cultivated and
wild rice with three main OsLP1 haplotypes. (c) Heading date of Nipponbare (NIP), CSSL49 and transgenic plants overexpressing (OE) OsLP1
alleles in the NIP background. Different letters indicate significant differences at p < 0.001 (Duncan's multiple range test, n=11-12). (d)
Manhattan plot showing the co-incidence of OsLP1 (significant threshold P = 1.24 x 107%) with a reported flooding-resistant QTL (qFR, significant
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figure can be viewed at wileyonlinelibrary.com]


http://wileyonlinelibrary.com

HONG ET AL

2 | wiLev-f5)

is a pleiotropic QTL contributing to seed saturated TAG levels and
heading time. These results suggested that OsLP1 enabled regional
adaptation of subspecies during indica-japonica differentiation.
Notably, a specific OsLP1 HAP4 haplotype was mainly found in
Aus subspecies (Figure 4a). The Aus subspecies, originating mainly
from Bangladesh and India, displays rich genetic diversity in abiotic
stress resistance for local adaptation (Zhang, et al., 2020). Interest-
ingly, reanalysis of an existing flooding study (Kuroha et al., 2018)
found that the most significant SNP-flooding resistant trait associa-
tion (chré: 24125294) colocalized with OsLP1 (Figure 4d). Further
investigation revealed that all OsLP1 HAP4 accessions have the
flooding-resistant allele, while OsLP1 HAP1 and HAP2 accessions all
have the flooding-sensitive allele gFR® (Figure 4E). The frequency of
the flooding-resistant allele gFRR in ancestral OsLP1 HAP3 varieties
was lower than in OsLP1 HAP4 (Aus) varieties (Figure 4e), suggesting
that selection for improved flooding tolerance in O. rufipogon in
flood-prone regions of southeast Asia fixed the OsLP1 HAP4 in the
resulting flooding-resistant Aus genotypes. Correspondingly, seeds of
accessions with the flooding-resistant allele contained significantly
higher levels of saturated TAGs than seeds of accessions with the
flooding-sensitive allele (Supporting Information: Figure 8C). Above
results suggest that during flooding stress, nature selection shaped
seed glycerolipid profiles in local rice accessions due to colocation of

OsLP1 and flooding resistance QTL (gFR) in same genomic region.

3.6 | Natural variation of Waxy determines rice
seed lyso-PC content

The Manhattan plot for lyso-PC 18:2 content revealed that
accumulation of this glycerolipid in rice seed is largely determined
by a single QTL on chromosome 6 (Figure 5a). Moreover, GWAS
signals for lyso-PC 18:1 and lyso-PC 18:3 contents also mapped to
this QTL (Supporting Information: Figure 9). To explore possible
regulators associated with the variations in these three Lyso-PCs, we
searched for the candidate genes near the genomic position of the
most significant SNP. For lyso-PC 18:2 (Figure 5b), the most
significant GWAS SNP (ID: 182785347) was about 78 kb away from
the Waxy gene that directs amylose biosynthesis (Zhang et al., 2019).
As lyso-PCs and amylose are known to form starch-lipid complexes
in rice (Kusano et al., 2012), we speculated that Waxy gene is also
associated with lyso-PCs content in rice seed. Next, we analysed
lyso-PC levels in six different Waxy haplotypes in 531 Asian
cultivated rice accessions and found that accessions harbouring
Waxy HAP5 or Waxy HAPé6 contained significantly lower levels of
lyso-PC 18:2 than the other four haplotypes (Figure 5c). Notably,
both Waxy HAP5 and Waxy HAP6 contained a 23 bp duplication in
the second exon (Figure 5b), and the resulting frameshift mutation
showed the most significant association with lyso-PC 18:2 content
than any other SNPs (Figure 5d and Supporting Information:
Figure 10). To confirm the function of this natural variation, we
profiled glycerolipids in seeds of two available waxy mutants

(Figure 5e) in two japonica cultivars (9522 and XS134) showing

improved glutinosity (Zhang et al., 2018) and found that levels of
seed lyso-PCs in both mutants were significantly lower than those in
wild type (Figure 5f). Our results revealed the pleiotropic effect of
Waxy on lyso-PC and amylose contents, two important determinants
of rice starch quality (Zhang et al., 2019).

4 | DISCUSSION

Asian cultivated rice has a wide geographic distribution across the
world, containing a huge number of accessions that are rich in their
phenotypic, physiological, and biochemical, as well as genomic
variations. Elucidation of genetic and biochemical bases of metabolic
variations across natural accessions not only provides better under-
standing of rice metabolism, but also reveals new strategies to
improve yield, quality, and resilience to climate change. Recently, we
have witnessed the successful application of mMGWAS in rice to
dissect genetic architecture of certain primary and secondary
metabolites (Brotman et al., 2021; Chen et al., 2014, 2016; Dong
et al., 2015; Peng et al., 2017; Sun et al., 2020; Zhou et al., 2021).
Among them, only one study focused on the genetic basis of lipid-
related oil biosynthesis, which identified four key genes regulating
rice grain oil compositions using 11 detected oil components
(Zhou et al., 2021). Even though glycerolipids have been shown to
determine seed oil traits in soybean and maize (Liu et al., 2020; Wen
et al., 2014), and to regulate flowering time in Arabidopsis and maize
(Nakamura et al., 2014, 2019; Barnes et al., 2021), a systematic
analysis of glycerolipid diversity and its underlying mechanisms in rice
has not been attempted.

Here we have dissected the genetic base of glycerolipid
metabolism in rice seed using lipidome-based GWAS and QTL,
together with genetic, biochemical and bioinformatics approaches.
We have identified more than 100 seed glycerolipids across the 587
Asian cultivated rice accessions and identified more than 1000
SNP-glycerolipid associations across the whole panel and in specific
indica and japonica groups. These identified genetic loci can be used
directly for marker-assisted breeding to create new rice varieties with
targeted seed glycerolipid profiles (Zhou & Huang, 2019). Notably,
similar to other primary and secondary metabolites (Chen
et al., 2014, 2016), we observed distinct regulatory QTL/gene
networks of seed glycerolipid in indica and japonica (Figure 2B).
Combined with GWAS and bioinformatics analyses, 23 putative
candidate genes for corresponding lipid metabolite traits were
identified here. However, comprehensive further studies are needed
to verify their causative roles in studied traits in future. Two key
genes, OsLP1 and Waxy, were shown to contribute to variable
saturated TAG and lyso-PCs accumulations, respectively, in rice
seeds. Our bioinformatics analysis also indicated that these two
glycerolipid classes can be used as new biomarkers to distinguish
indica from japonica varieties (Figure 1d and Supporting Information:
Figure 3B).

Previously, it has been reported that domestication influenced

the genetic and metabolic architecture of plant populations due to
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FIGURE 6 A proposed model for unintentional selection of seed glycerolipids during rice domestication. Wx"“™ in wild rice (O. rufipogon) was
deliberately selected for visible grain transparency and amylose content, but unintentionally for lyso-phosphatidylcholine (lyso-PC) content due
to the pleiotropy of Waxy (upper). Different OsLP1 alleles have undergone at least two independent natural selection events for local adaptation
in different subspecies. OsLP1"4P4 together with a flooding resistant QTL (gFRR) has been selected under deep water environments in Aus
varieties, while OsLP1 haplotypes that predominate in indica or japonica cultivars have been selected for adaptation to different growing
latitudes, which links the saturated triglyceride (TAG) content with heading date phenotypes (lower). Variances in these two genes discriminate
among three rice subspecies (principl component analysis [PCA] analysis, right). [Color figure can be viewed at wileyonlinelibrary.com]

local adaptation (Beleggia et al., 2016). For instance, domestication
significantly altered the maize metabolome, and Bxs, Pr1 (F3'H,
flavonoid 3'-hydroxylase), FHT1 (flavanone 3-hydroxylasel), and
ZmTPS1 (terpene synthasel) contribute to the metabolic divergence
in benzoxazinoid, flavonoid and terpenoid pathway, respectively,
between maize and its wild ancestor teosinte (Xu et al., 2019).
Domestication also changed significantly the metabolome of wheat,
particularly pathways for unsaturated fatty acids and amino acids
(Beleggia et al., 2016). In almond, domestication targeted the bHLH2
gene to reduce bitterness and the accumulation of cyanogenic
diglucoside amygdalin (Sanchez-Pérez et al., 2019). In lettuce,
domestication likely targeted three genes (LG8749721, LG8763094
and LG5482522), contributing to observed different accumulations of
galactinol, raffinose, quinate and chlorogenic acid (Zhang et al., 2020).
In tomato, domestication selected five major loci and reduced
steroidal glycoalkaloids in ripened fruits, rendering them more
palatable (Zhu et al., 2018). This study demonstrated that domestica-
tion has significantly influenced rice seed glycerolipid profiles, and
that both saturated TAG and lyso-PC contents have been unin-
tentionally shaped.

OsLP1 has been independently selected by at least two local
adaptation events in different subspecies (Figure 6), similar to how
rice SD1 gene has been co-opted several times to optimize plant

growth in highly contrasting production systems (Kuroha et al., 2018).
The first selection event was observed during indica-japonica
differentiation, when allelic divergence of OsLP1 established a link
between glycerolipids and heading date (Figure 4c). Although
molecular mechanisms underlying the time of transition from
vegetative to reproductive growth have been extensively studied in
rice (Guo et al., 2020), so far no heading date-related QTL has been
associated with lipid metabolism. The discovered glycerolipid-
heading date link highlights an alternative metabolic adaptation
mechanism for different regional adaptation during indica-japonica
differentiation and spread, supporting the essential conserved role of
glycerolipids in flowering for both monocot and dicot plants (Barnes
et al., 2021; Nakamura et al., 2014). The second OsLP1 selection
event occurred in Aus varieties via selection for flooding tolerance.
Currently, we are not sure if OsLP1 is the causal gene identical to the
flooding-resistant QTL, but at least, our data indicated that the
flooding-resistant QTL and OsLP1 are extremely tightly linked, so that
the OsLP1 haplotype has been selected indirectly in Aus cultivars
likely via linkage drag. A similar phenomenon has been observed in
tomato, where selection for fruit size has led to substantial
metabolomic changes through a hitchhiking effect (Zhu et al., 2018).

The selection of Waxy for lyso-PC content co-occurred with the
artificial selection for amylose. Traditionally, people in southeast Asia

FIGURE 5 Waxy is the causal gene for natural variation in lyso-PC content of rice seeds. (a) Manhattan plot (left, significant threshold
P=1.24 x107% and corresponding quantile-quantile (Q-Q) plot (right) of lyso-PC 18:2 content. (b) The genomic structure (upper) and
haplotypes (lower) of the Waxy gene. Exons are depicted by dark blue boxes, untranslated regions by light blue boxes, and introns by black lines.
Pos, position (bp) on chromosome 6. (c) Natural variation in lyso-PC 18:2 content across Waxy haplotypes. Different letters indicate significant
differences at p < 0.001 (Duncan's multiple range test). (d) Local Manhattan plot in the Waxy genomic region (upper) and linkage disequilibrium
between polymorphic sites in Waxy (lower). The red diamond denotes the most significant 23 bp duplication variant. (e) Schematic diagram of
mutations in the Waxy gene in two japonica cultivars (9522 and XS134), leading to the same 1 bp insertion causing premature protein truncation.
(f) Contents of three lyso-PCs in wild type and waxy plants (n = 3-4). The horizontal bar within the box represents the median. The top and
bottom of the box represent the 75th and 25th percentiles, respectively. The upper and lower whiskers extend to 1.5x the interquartile range,
with outliers shown as black dots. *p < 0.05; **p < 0.01 (Student's t test). [Color figure can be viewed at wileyonlinelibrary.com]
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prefer glutinous/low-amylose rice and have selected rice cultivars with
the relevant Waxy haplotype/genotype (Yamanaka et al., 2004); this
artificial selection for amylose content has indirectly affected lyso-PC
content due to Waxy pleiotropy (Figure 6). Unintended selection of
metabolic traits through pleiotropic QTL has also occurred in maize via
the classic domestication gene Th1, originally selected for branching
(Studer et al., 2011) but later found to affect sugar metabolism (Dong
et al,, 2019), and likely occurs in other domesticated crops. Although the
association of Waxy with lyso-PCs in rice seeds was previously reported
(Gong et al., 2013), the function of Waxy in glycerolipid accumulation has
not been experimentally verified until now (Figure 5f). A previous study
revealed that lyso-PCs (16:0 and 18:2) are major starch lysophospholipids
in rice grain, and that lysp-PEsand starch often combine together to form
an amylose-lipid complex, significantly affecting starch qualities
(Tong, 2016). Our data here suggest a role for Waxy in lyso PC-starch-
complex formation and lipid metabolism in rice grain, contributing
significantly to grain qualities. Knowledge of Waxy pleiotropy is valuable
for molecular breeding: if both low amylose and low lyso-PC traits are
desirable, Waxy HAP5 and Waxy HAPé6 variants can be targeted directly;
however, if only one trait is required, compensating loci/genes will need
to be recruited (Chen & Liibberstedt, 2010).

Our study has explored the diversity of seed glycerolipids in
Asian cultivated rice, highlighting an important role for genetic
correlations (such as gene pleiotropy and linkage drag) in shaping

glycerolipid profiles in different subspecies during rice domestication.
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